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Abstract 
Titanium alloy is frequently used in aerospace applications such as load carrying airframe due to their excellent mechanical and 
corrosion properties in combination with being comparatively light weight. However, it is well-known that titanium alloy is 
difficult to form at room temperature. So hot stretch bending and creep forming process is used to improve formability and 
reduce springback in forming titanium alloy profile. The principle of hot stretch bending and creep forming is leading a stress 
relaxation stage by maintaining the workpiece against the die for a selected dwell time after hot stretch bending stage. This 
allows the benefits of low residual stress and minimum springback including inexpensive tooling and good repeatability. In the 
present work, a set of uniaxial tension tests was performed on OT4 titanium alloy at the temperature ranging from 773 K to 
973K and strain rate from 0.0025 s-1 to 0.01 s-1. Stress relaxation tests were carried out at the temperature range from 773 K to 
973K. Arrhenius model was employed to characterize the creep behaviour. Finite element model of hot stretch bending and 
creep forming process was created in ABAQUS. The results of FE simulation indicate that residual stress decreases greatly in 
stress relaxation stage and low residual stress lead smaller springback. The predicted springback show promising agreement 
with the corresponding experimental observations. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Nagoya University and Toyohashi University of Technology. 
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1. Introduction 
Titanium and titanium alloys are excellent candidates for aerospace applications due to their high strength to 
weight ratio, excellent corrosion resistance and composite compatibility [1, 2]. However, titanium alloy is difficult 
to form into complex configurations, especially at room temperature. Forming processes at elevated temperature, 
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which lead a higher formability and springback reduction, are required to produce titanium components. Hot 
stretch bending and creep forming process is used to reduce springback in forming titanium alloy profile. The 
forming cycle is shown in Fig. 1. 
 
Fig. 1. Forming cycle of hot stretch bending and creep forming. 
The principle of hot stretch bending and creep forming is leading a stress relaxation stage by maintaining the 
workpiece against the die for a selected dwell time after hot stretch bending stage. At the same time the 
temperature is controlled as needed. This allows the benefits of low residual stress and minimum springback, 
moreover, inexpensive tooling and good repeatability[3, 4]. 
As there are two stages in the hot stretch bending and creep forming process, FE model should simulate these 
two stages together. In the present work, a set of uniaxial tension tests was performed on OT4 titanium alloy at the 
temperature ranging from 773 K to 973 K and strain rate from 0.0025 s-1 to 0.01 s-1. Stress relaxation tests were 
conducted on OT4 titanium alloy at the temperature range from 773 K to 973 K. The Arrhenius model was 
employed to characterize the creep behaviour. Finite element model was created in ABAQUS based on these 
material performance tests. And the predicted springback is compared with the corresponding experimental 
observations. 
2. Material and experiment 
2.1. Materials 
The as-delivered profile parts are OT4 titanium alloy extrusion with “L” cross section. The length of the profile 
is 950 mm. The thickness is 3.0 mm and 3.5 mm respectively. The chemical composition of OT4 titanium alloy is 
listed in Table 1. 
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Table 1. Chemical compositions of OT4 titanium alloy (wt. %). 
Al Mn C Fe Si Zr O N H Others Ti 
4.1 1.5 0.10 0.30 0.12 0.30 0.15 0.05 0.012 0.30 Balance 
 
The material used in uniaxial tensile tests and stress relaxation tests were obtained from these profile parts. The 
specimen was prepared by wire electrode cutting, keeping the tensile direction consistent with the longitudinal 
direction. 
2.2. Uniaxial tensile tests 
The uniaxial tensile tests were performed on the Zwick/Roell Z100 electric universal testing machine equipped 
with a furnace composed of three independent heating zones. The specimens were heated to the deformation 
temperature at a rate of 20 K/min. The tests were performed at temperatures of 773 K, 873 K, 973 K and the strain 
rates of 0.0025 s-1, 0.005 s-1 and 0.01 s-1 according to “ISO 6892-2”[5].  Finally, the engineering curves obtained 
from the uniaxial tensile tests were converted into true stress–strain curves. 
2.3. Stress relaxation tests 
The stress relaxation tests were carried out on RWS-50 Electronic Creep Testing Machine following “ASTM 
E328”[6]. The test condition is listed in Table 2. The stress-time curve was recorded during the tests. 
Table  2. Stress relaxation tests condition. 
Test condition Parameters 
Temperature (K) 773; 873; 973 
Pre-stretch elongation(%) 4 
Relaxation time (s) 2400 
Surface condition Coated with glass antioxidant 
2.4. Validation tests of hot stretch bending and creep process 
Laboratory tests were constructed to validate the accuracy of FE prediction of hot stretch bending and creep 
process, as shown in Fig. 2. 
 
Fig. 2. Hot stretch bending and creep of titanium alloy profile. 
The profile was heated to 873 K by the resistance heating equipment with PID control system. The deformation 
sequence was described as follows: 
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(1) The part was pre-stretched to 0.67%. 
(2) The die rise in the speed of 25 mm/min. Meantime, the jaw move and rotate to cooperate with the 
deformation of the part to maintain the pre-stretched elongation of the part. 
(3) The part was post-stretched for 0.6% elongation after bending process. 
(4) Maintain the part against the die for a selected dwell time while the temperature is controlled at 873 K to 
induce creep in the profile part. 
(5) The part was allowed to cool at a rate of 2 K per second. Once the temperature has arrived at 373 K, the jaw 
opened and the force on the part was removed. Then the part was allowed to free cool to room temperature. 
In the present work, the dwell time for the creep is set as 0s (no creep process), 600 s and 1200 s respectively. 
3. Constitutive modeling for creep 
There are several kinds of function for the characterization of stress-time curve of stress relaxation[7, 8]. In the 
present work, exponential decay function with the form in Eq.(1) was employed to fit the stress-time curve.  
31 2 // /
0 1 2 3
t tt t t tA e A e A eV V      ˈ   (1) 
where V  is the instantaneous stress, 0V  is the slack limit, t  is relaxation time, 1~3A  and 1~3t  is amplitude and 
decay constant, which were fitted by ORIGIN and listed in Table 3. 
Table 3. Parameters of exponential decay function. 
T(K) V0 A1 t1 A2 t2 A3 t3 
773 166.4 81.5 112.9 127.3 1021.5 54.9 8.3 
873 32.8 95.5 39.3 84.3 2.9 89.5 496.6 
973 7.4 73.8 19.3 31.2 381 42.4 1.65 
 
The comparisons between the fitted and experimental data are shown in Fig. 3. 
 
Fig. 3. Comparison between fitted and experimental data of stress relaxation. 
In the stress relaxation process, the elastic strain transforms to the plastic strain while the total strain remains 
constant. After deriving calculus to Eq. (1), the strain rate in the stress relaxation can be obtained from Eq.(2). 
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where E  is the elastic modulus. Therefore, the relationship between strain rate and stress can be obtained. The 
Arrhenius equation was selected to describe this relationship in the FEM code. Which is expressed as: 
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ˈ
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where H  is the strain rate, R  is the universal gas constant, T  is the absolute temperature, Q  is the activation 
energy of hot deformation(KJ/mol), V  is the flow stress for a given strain, 1, , , ,A n n D  and E  are material 
constants. The parameters of the Arrhenius equation were fitted in ORIGIN and the results are given in Table 4. 
Table. 4. Parameters of the Arrhenius equation. 
T(K) A D  n  Q (J/mol) 
773 
16.216 
0.0036 4.49 103651.7 
873 0.0074 3.09 102333.8 
973 0.016 2.835 103868 
4. FE simulation 
The FE model of hot stretch bending and creep forming was created in ABAQUS software. The simulation is 
divided into five steps: pre-stretch, bending, post-stretch, creep and springback. Visco analysis step was employed 
to simulate the creep process after the predefined field was loaded from the results of post-stretch. The mesh size 
of profile is 5 mm in length direction, 3 mm in width direction. The mesh type is Belytschko-Tsay shell element 
with 5 Gauss integral points in sheet thickness direction. The true stress-strain of the uniaxial tensile tests were 
imported for the pre-stretch, bending, post-stretch steps. The constitutive model for the creep is characterized by 
the Arrhenius equation with the parameters in Table. 4. 
5. Results and discussion 
The results of uniaxial tensile tests of OT4 titanium alloy at the temperature 773~973 K and strain rate 
0.0025~0.01 s-1 are shown in Fig. 4. 
 
Fig. 4. True stress–strain curves of uniaxial tensile tests: (a) 773, (b) 873 and (c) 973 K. 
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The true stress-strain curves of uniaxial tensile tests show that the flow stress decreases with the increase of the 
temperature and decrease of the strain rate. At a given strain rate, flow stress decreases as temperature increases. 
While at a given temperature, flow stress increases as strain rate increases. In 873 K and 973 K, the Curves present 
a peak stress at a particular strain, and then followed by steady state or softening. 
Fig. 3 shows that the stress relaxation behaviour can be divided into two stages qualitatively. In the first stage 
the stress falls down rapidly. In the second stage very slow relaxation occurs and the stress tends to arrive at a 
balance value gradually, which is called slack limit. The temperature is the main parameters which control the 
relaxation rate and slack limit. The higher temperature, the lower slack limit and the faster relaxation rate the alloy 
can get. 
The stress distribution after different creep time are shown in Fig. 5. It indicates that the residual stress decrease 
in the creep stage. Meantime, distribution is more homogeneous. However, there are no large difference between 
600 s and 1200 s. The minimum stress after 1200 s is larger than 600 s. This could attributed to the status that in 
the creep stage, the part was warped against to the die by the jaws. In that case, the total strain of the part remain 
unchanged. While the strain of the element in high stress zone will decrease when the stress decrease. So the 
elements in low stress zone will compensate this strain variation by the increase of the stress.  
 
 
Fig. 5. Stress distribution after different creep time: (a) 0s, (b) 600s, (c) 1200s. 
The springback of the profile in the experiment and FE simulation after different creep time are shown in Fig. 
6. 
 
Fig. 6. Springback after different creep time. 
It can be seen from Fig. 6 that the predicted springback show promising agreement with the corresponding 
experimental observations. The FE model is applicable to the prediction of the hot stretch bending and creep 
forming. Both predicted and experimental springbacks decrease after the creep forming. The springback in 600 s 
and 1200 s is close to each other and less than 0 s. This agrees well with the predicted residual stress. The predicted 
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springback is higher than experimental one in 0 s, which is contrary to the 600 and 1200 s condition. The reason 
could be attributed to the fact that the temperature of the part cannot fall to the set point immediately after post-
stretch stage for 0 s condition. There is stress relaxation behavior in the cooling stage. The deviation between the 
predicted results and experimental ones could be attributed to the neglect of heating and cooling stage in the FE 
model. 
6 Conclusions 
(1) The true stress-strain curves in uniaxial tensile tests of OT4 titanium alloy show that the flow stress decreases 
with the increase of the temperature and decrease of the strain rate. Curves in elevated temperature present a 
peak stress at a particular strain, and then followed by steady state or softening. 
(2) The stress relaxation can be divided into two stages. In the first stage the stress falls down rapidly. In the 
second stage very slow relaxation occurs. The temperature is the main parameter for the stress relaxation. The 
exponential decay function and Arrhenius model can be used for the characterization of creep process. 
(3) The residual stress in the profile decreases after the creep forming. Lower residual stress leads smaller 
springback. The predicted springback shows promising agreement with the experimental observations. 
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